General Information
Unless otherwise noted, all reagents were purchased from commercial suppliers and used without further purification. Sodium borohydride, ascorbic acid, cetrimonium bromide, silver chloride, silver nitrate, hydrogen chloride solution, bis(triphenylphosphine)palladium(II) dichloride, copper(I) iodide and thiocyanuric acid were purchased from Sigma-Aldrich, and HAuCl 4 ·3H 2 O from Strem Chemicals. Tetrahydrofuran and triethylamine were purified by passage through an activated alumina column under argon. Water for catalysis was obtained from the Milli-Q ® integral water purification system. Thin-layer chromatography (TLC) analysis of reaction mixtures was performed using Merck silica gel 60 F254 TLC plates, and visualized under UV or by staining with KMnO 4 . Column chromatography was performed on Merck Silica Gel 60 Å, 230 X 400 mesh. Nuclear magnetic resonance (NMR) spectra were recorded using Bruker AV-600, AV-500, DRX-500, AVQ-400, and AVB-400 spectrometers. 1 H and 13 C chemical shifts are reported in ppm and referenced to residual solvent peak (CHCl 3 ; δH = 7.26 ppm and δC = 77.0 ppm). Multiplicities are reported using the following abbreviations: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad resonance. Solvent abbreviations are reported as follows: EtOAc = ethyl acetate, hex = hexanes, Et 2 O = diethyl ether, MeOH = methanol, THF = tetrahydrofuran, Et 3 N = triethylamine. Chemical abbreviations are reported as follows: AA = ascorbic acid, CTAB = cetrimonium bromide. Mass spectral data were obtained from the QB3/Chemistry Mass Spectrometry Fa-S-2 cility operated by the College of Chemistry, University of California, Berkeley. Catalyst loading was analyzed by Optima 7000 DV inductively coupled plasma optical emission spectroscopy (ICP-OES). The transmission electron microscopy (TEM) images were taken with a FEI Tecnai TEM at an accelerating voltage of 200 kV. Centrifugation was performed on a Thermo Scientific IEC Centra® CL2.X-ray photoelectron spectrometric (XPS) experiments were performed on a Perkin-Elmer PHI 5400 XPS spectrometer with a position-sensitive detector and a hemispherical energy analyzer in an ion-pumped chamber (evacuated to 2 × 10 -9 Torr). The Al Kα (hv = 1486.6 eV) X-ray source of the XPS spectrometer was operated at 350 W with 15 kV acceleration voltage.
Part I. Kinetic study of gold nanoparticles in etching reaction

I.1. Experimental condition of etching reactions:
Preparation of GNRs, FeCl 3 and CTAB stock solution:
CTAB capped GNRs were prepared via a seed-mediated growth method with the assistant of AgNO 3 in a binary surfactant mixture of hexadecyltrimethylammonium bromide (CTAB) and sodium oleate (NaOL) in aqueous solution 1 . The as-synthesized 1 L batch was centrifuged to crash the particles and redispersed in 200 mL of aqueous saturated CTAB solution, and the GNRs has longitudinal SPR absorption at 763 nm. To remove the unwanted Ag at the tip of GNRs, the GNR solution was added 200 µl KI 3 0.01M to etch partially the Ag. ICP analysis shown that the mole fraction of Ag in the GNRs was reduced from 6.6 to 1.7% after this etching step. The GNR solution then was centrifuged again to crash the particles and redispersed in 40 mL of aqueous saturated CTAB solution. This cleaning process was repeated four times to ensure the stock GNRs has no residual from previous synthesis and etching. Dimensions of GNRs are summarized in Table S2 , first row. The molar extinction of GNRs at SPR absorption peak at 751 nm is 2.63x10 10 Stock CTAB solution was added HCl (36.5%) to tune the pH to 1.9 and the final CTAB concentration is 3 mM. This CTAB concentration is above the critical micelle concentration (~ 1 mM at room temperature), providing enough ligands to stabilize GNRs during the reaction.
Preparation of reaction solutions for GNRs etching under the dark and photoexcitation experiment
For each reaction, 15.7 µl GNR colloidal solution and an appropriate amount of stock FeCl 3 0.05 M are added into ~ 2 ml of stock CTAB solution in 1 cm path length cuvette to have final volume of 2.075 ml. Initial concentration of gold atom is 5.2x10 -5 M and the longitudinal LSPR absorption of GNRs at 751 nm is 0.5 OD in this cuvette. Table S1 summarizes all conditions of each reaction.
Photoreaction was conducted under stirring and at room temperature. We used light source from a 300W Xenon lamp (Newport Corp.) equipped with 1.5-inch-water optical filter to block the unwanted IR light and prevent the resultant heat in the reaction. Narrow band-pass filters with FWHM of 10 -12 nm were used to get monochromatic light, then the beam was focused to an area of 0.25 cm x 0.40 cm before irradiating through the reaction solution in the cuvette. The irradiating beam size is smaller than the curvet size thus the primary scattered light from the GNRs in the beam area is eventually readsorbed by the particles near the beam. With this configuration, we can quantify the amount of absorbed photons in the solution, despite the scattering nature of the GNRs. To excite the longitudinal SPR at 751 nm, we used a broad band (650-900 nm) source to account for the shifting of this peak during the S-3 reaction. After a certain irradiation time, the solution was stored in the dark in about 45 mins (see explanation Section I.3) to complete the etching reaction before taking UV-Vis absorption measurement. The reaction time is the irradiation time. (c) Quantum yield is defined as the division of number of Au + ions generated per second by number of photons absorbed per second. In the last row, energy of 751 nm photon was used to calculate the number of absorbed photons.
(d) k excitation is reported per 10 mW due to the small enhancement of reaction rate at this wavelength.
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I.2 Etching GNRs under the dark condition
I.2.1 Linear relationship between longitudinal LSPR absorption peak and length of GNRs
Etched GNRs under the dark for various reaction times were collected, then centrifuged and cleaned with water before taking TEM image. For each sample, the dimensions were measured for more than 50 GNRs to get statistical errors. Any particle has a dimension which falls more than 3 standard deviations from the norm are considered outlier, though there are only few of them. The sharpness is defined as the subtraction of the height (h) from the length (l)(see definition of dimension in section I.2.2). Figure S1 shows a very good linear dependence between the longitudinal SPR peak ( ) and the length of etched GNRs (l). Figure S1
. Linear fitting of vs. l for data in Table S2 . The fitting does not propagate the error in l to the final errors of intercept and slope values. Figure S2 shows the progress of the reaction via the blue-shift of the plasmon peak. At early time, the shift has a fast rate due to the etching at the corner of the tip of nanorod as confirmed via TEM imaging in Figure S3 and the increasing sharpness of the GNRs in Table S2 . We chose to report the etching rate of GNRs having absorption in the range of 730 to 680 nm, in which the blue-shifting rate is linear with reaction time. Here, we further proved that this linear relationship gave a direct measurement of reaction rate.
I.2.2 Observation of reaction rate via the blue-shift of longitudinal LSPR absorption
Due to the linear dependence of the longitudinal SPR absorption to the aspect ratio (length/diameter) and the GNRs get etched selectively at the tips 2 , we can write the rate of etching:
In which is the maximum absorption of longitudinal SPR. C 1 and C 2 are empirical constants. C 2 is extracted from the linear relationship between and l ( Figure S1 ).
When GNRs are etched, the amount of Au + product in the reaction is:
In which, and N GNR are density of Au and number of GNRs in the reaction. The above calculation is valid because the cap of the rod is very close to the haft-spherical shape.
Thus the rate of the etching reaction can be written in form of:
Where V and M w are volume of the reaction solution and molecular weight of Au.
From S1 and S2, we have:
in which . Thus the reaction rate can be measured via the blue-shifting rate of the plasmon peak. With N GNR = 1.17x10 11 (from ICP analysis and TEM imaging), C 2 = 4.12 nm blue-shift/nm length ( Figure S1 ), V = 2.075 ml, and M w = 197 g/mol, we have C 3 = 1.54x10 -6 M.nm -1 .
I.2.3 Determination of reaction order, rate constant and activation energy
The etching reaction of CTAB-capped GNRs in FeCl 3 solution has been studied previously. 2 The gold ion product creates a strongly coordinate complex with halide ions so that the reduction potential of Au + /Au is lower than that of Au 3+ /Au and Fe 3+ /Fe 2+ , thus the reaction happens in the following pathway.
(1)
In this report, we studied rigorously on kinetics of this reaction to establish comparison to photoexcited condition. In this set of experiments, all reactions were covered from the room light. From equation (1), the rate expression is
Since there is strong overlap in the absorption spectra of product and reactant ions in the UV region, we monitor the reaction via the longitudinal LSPR peak in the visible-near IR region. From Figure S4A , Table S1 , showing the first order of Fe 3+ in the rate expression. (B) Plot from equation S7 using data from reaction 1, 3, 6 in Table S1 , giving the activation energy of 2.87 ± 0.14 kcal/mol.
To determine the activation energy of the reaction, we replace in equation S5:
From Figure S4B , the activation energy is 2.87 ± 0.14 kcal/mol.
I.3 Etching GNRs under photoexcited condition
Under the photoexcitation, the reaction happens in another pathway, following these equations:
There are two evidences supporting this pathway. Firstly, the appearance of yellow color of Au 3+ in CTAB solution when the etching reaction was controlled to be fast enough to mainly follow equation S8 but not S9 ( Figure S5A ). Beside, Fe 2+ was detected when using 1,10-phenanthroline, a well-known complexes for detecting Fe 2+ ion ( Figure S5B ). Secondly, the etching was still happening in the dark (i.e. reaction S9 was happening) in the order of ten minutes after stopping irradiation.
To have a direct comparison to the reaction in the dark, the photoexcited reactions were kept in the dark for about 45 mins after a specific irradiation time, then measured UV-Vis absorption. With this delay time, the spectra had non-detectable blue-shift and the reaction S9 was assured to be completed. It is possible that reaction S9 happens during the irradiation. However, when both S8 and S9 are completed, the overall processes can be described by equation (1) and the reaction time of the photoreaction is considered as the irradiation time. [ ] To support the proposed mechanism in Figure 3D , we added acetone or methanol (10% v/v) to a reaction under 450 nm excitation while did not change other condition. We found that the reaction rates are reduced by 1.6 and 3.4 times for acetone and methanol, respectively.
It is important to notice that we did all reference experiments in which there was no FeCl 3 , and we did not see any detectable spectral change at any tested wavelength.
I.3.1 Etching reaction under interband transition excitation I.3.1.1 Linear relationship between longitudinal LSPR absorption peak and length of GNRs
Under the interband excitation, the shape transformation of the etched GNRs is very similar to that in the dark condition. Thus the linear dependence between and l is also very similar to that in the dark. Here, we report a representative result from 450 nm excitation in Table S3 and Figure 2D . Figure S7A&C indicates the first order of [Fe 3+ ] in the rate expression. We also found the linear dependence of reaction rate to the excitation powers ( Figure 7B&D ). The reaction rates, k excitation , were calculated from equation S10 and reported in the ninth column of Table S1 . Table S1 . (C) Plotting data from reaction 18-23 in Table S1 . (D) Plotting data from reaction 15-18 in Table S1 . Figure S8 . Linear fitting of vs l for data in Table S4 . This fitting does not propagate the error in l to the final errors of intercept and slope values.
I.3.2. Etching reaction under plasmon resonance absorption I.3.2.1. Linear relationship between longitudinal LSPR peak and length of GNRs
In this experiment, we use 510 nm source to excite transverse LSPR. To excite the longitudinal LSPR, we used a broad band source, ranging from 650 to 900 nm, which always photoexcited the GNRs regardless of the shifting of this band during the reaction. We also observed very similar selective tips etching of GNRs and linear dependence between and l, as shown in Table S4 and Figure S8 as representative results. Table S1 . (B) Data plotted from reaction 28-31 in Table S1 .
Using equation S10, we found the first order of [Fe 3+ ] in the reaction rate and the linear dependence of the rate to the excitation power in 510 nm excitation experiment. The photocatalytic enhancement on the etching rate of the longitudinal SPR excitation at 751 nm is very minor, therefore the measured reaction rate is very comparable to the reaction rate in the dark experiment. Due to this interference, we did not perform further experiment to find the reaction order of [Fe 3+ ] and power dependence of the rate. For quantum yield at 390 nm, the concentration is 0.723mM. (B) Relative reaction rates per single absorbed photon at various wavelengths after accounting for the absorption of the GNRs and the solar spectrum. In this plot, the relative rates are calculated by multiplying the rates in Figure 3C by the solar intensity and the absorption of the GNRs, assuming scattering is negligible.
I.3.3. Quantum yield of the etching reaction and normalized reaction rate to solar absorption
I.4. Kinetic study of spherical gold nanoparticle (GNP) etching reaction
In this experiment, we used 40 nm CTAB capped GNSs while other conditions were kept similar to the reaction of GNRs. Since the intensity of the plasmon peak decrease linearly with the volume of the GNSs 3 , we measured the reaction rate via the rate of decreasing intensity of the 530 nm peak ( Figure   S -14 S11). We also observed an enhancement of etching when the particles were under photoexcited condition and the interband excitation shown a much faster etching rate. 
II.1.1 Preparation of Gold NPs and Characterization
The seeded-growth synthesis of Au nanospheres with 40 nm diameter (TEM see Figure. S12) was modified from a published procedure 4 . In a typical synthesis, 9.75 mL of 0.1 M CTAB solution was mixed with 0.25 mL of 0.01 M HAuCl 4 solution in a centrifuge tube. 0.60 mL of 0.01 M freshly-prepared, icecold solution of NaBH 4 was added into the tube, and immediately, the tube was capped and vigorously shaken for 1 minute. The seed solution was kept under gentle stirring for 2 h at room temperature before use. The seed solution was diluted by 10 times. To grow nano-octahedra, 19 mL of water, 4 mL of 0.1 M CTAB, 0.40 mL of 0.01 M of HAuCl4, 1.5 mL of 0.1 M AA, and 120 µL of the diluted seed solution were added into a 50 mL centrifuge tube, and mixed by gentle inversion for 10 s, then then left undisturbed overnight at room temperature. Into the resultant Au nano-octahedron solution, 1.0 mL of 0.01 M HAuCl 4 was added, and the solution was kept in 80 °C for 2 h. The as-prepared Au nanospheres solution was centrifuged at 10000 rpm for 10 min. The precipitate was redispersed in the same amount of water for further use. To grow Au nanospheres with 56 nm diameter (TEM see figure. S13), everything else was the same except 20 µL of the diluted seed solution was used, and instead of heated with HAuCl 4 at 80 °C, the Au nano-octahedron solution was heated with 1.0 mL of H 2 O 2 solution at 33 °C for 16 h.
The seeded-growth synthesis of Au nanospheres with 20 nm diameter (TEM see figure. S14) was adapted from a published procedure 5 . The seed solution was prepared in the same procedure as described above. To grow nanospheres, 2 mL of 0.2 M cetrimonium chloride, 1.5 mL of 0.1 M AA, 10 µL of Au seed were mixed, followed by a one-shot injection of 2 mL of 0.5 mM HAuCl 4 . The solution was left undisturbed for 15 min at room temperature. The as-prepared Au nanospheres solution was centrifuged at 12000 rpm for 10 min.The precipitate was redispersed in the same amount of water for further use.
The synthesis of Au nanorods with different aspect ratios was modified from a published procedure 6, 7 . The seed solution was prepared in the same way as the seed solution for Au nanospheres. M HCl, 0.32 mL of 0.1 M AA, and 96 µL of the seed solution were added into a 50 mL centrifuge tube. The solution was mixed by gentle inversion for 10 s and left undisturbed at a 33 °C water bathovernight before use. Into the resultant Au nanorod solution, 1.0 mL of 0.01 M HAuCl 4 was added, and the solution was kept in 80 °C for various time duration for nanorods with different aspect ratios. The asprepared Au rods solution was centrifuged at 10000 rpm for 10 min. The precipitate (TEM see figure  S15 ) was redispersed in the same amount of water for further use. 
II.1.2 Preparation of organic starting materials for catalysis
Representative procedure RP1 in the preparation of 2-(phenylethynyl)phenol:
According to the reported protocol 8 , anhydrous and degassed THF (150 mL) and NEt 3 (150 mL) was sequentially added to a cold (0 o C) mixture of 2-iodophenol (22.0 g, 100 mmol, 1.0 equiv.), Pd(PPh 3 ) 2 Cl 2 (1.75 g, 2.5 mmol, 2.5 mol%) and CuI (450 mg, 2.5 mmol, 2.5 mol%) under nitrogen atmosphere. Phenyl acetylene (12.24 g, 120 mmol, 13.2 mL) was added. The ice bath was removed then S-17 the reaction was stirred at ambient temperature for 14 hours. The resulting black mixture was poured into a stirred 5N HCl (600 mL) aqueous solution at 0 o C then the product was extracted with EtOAc (5X 150mL). The combined organic layers were dried over Na 2 SO 4 , filtered and concentrated under reduced pressure. The obtained residue was preloaded in silica gel and purified by chromatography on silica gel (hexane:EtOAc, 15:1 v/v), affording 15.0g of the desired 2-(phenylethynyl)phenol (77% yield) as yellowish solid with contamination of palladium residue. The obtained yellow solid was then stirred in THF (250 mL) with thiocyanuric acid (2.8g) over 18 hours at ambient temperature. All volatiles were removed under reduced pressure. The product was extracted with hot hexane (3X 100 mL) and then crystallized in hexane. Further purification by sublimation (90 o C at 0.1mbar) afforded the pure 2-(phenylethynyl)phenol as colorless solid which was used in our methodology. 8 .
II.2.2 Comparison of catalytic performance between Au nanospheres (20 nm & 56 nm) and Au nanorods with different aspect-ratio.
Following the general procedure RP2, various gold nanospheres as well as gold nanorods were examined in the cyclization of 2-(phenylethynyl)phenol (Table S5) . Details including modified conditions (catalyst loading and wavelengths of incident light) and the yields of benzofuran product were described in this table. Under the dark condition, only trace of desired product was formed. On the other hand, irradiation of reaction mixture with 390 nm wavelength again led to significantly higher conversion comparing to the cases with the largest plasmonic absorption of the corresponding GNPs. These results, which were repeated three times, were consistent to the case with 40 nm gold nanospheres. 
II.3. Supernatant experiments
A series of supernantent experiments were described below for the identification of the actual catalytic species instead of the initial employed GNPs.
II.3.1 Case 1
In the absence of light and the phenol substrate, 40 nm gold nanospheres solution was centrifuged and the supernantant soltion was uptaken and transferred into a new reaction vial. Phenol as well as CTAB were subsequently added to the supernantant solution. The mixture was stirred at 60 o C with 26W CFL irradiation for 3 hours. In this case, no conversion of phenol substrate was observed. This result showed that any possible Au atom or Au ions in the initial GNPs solution were not the catalytically active species. 
II.3.2 Case 2
In the absence of phenol substrate, the 40 nm gold nanospheres solution was stirred at 60 o C under the Xenon light (390 nm) irradiation over 1.5 hour. The resulting mixture was centrifuged and the supernantant soltion was transferred into a new vial. The phenol substrate was added then the mixture
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was stirred under the standard condition with light (390 nm) irradiation. Less than 5% conversion was observed. This result indicated that,any possible leaching species resulted from gold solution itself under light irridiation was also not the catalytically active species in this case. 
II.3.3 Case 3
The 40 nm gold nanospheres solution was added to a vial containing phenol substrate (10.0mg) and then the mixture was irridiated with CFL light (26W) over 1 hour. After centrifuging twice the reaction mixture, All GNPsas well as most of the organic reactants were removed from the supernatant solution which was further transferred into a new vial. Additional phenol substrate (10.0 mg) was added and the mixture was stirred at 60 o Cin the absence of light over 2 hours. Good yield (82%) was obtained in this case. The result indicated that, the catalytically active species was formed in the presence ofGNPs as well as the phenol substrate under light irriation. 
II.4. Detection of subnanosized clusters by HR-ESI spectroscopy
The supernantant solution obtained from the procedure described in the section II.3.3 was used for the detection of subnanosized clusters by HR-ESI spectroscopy ( Figure S19 ). Several Au 2 and Au 4 subnanosized clusters were observed. For example, based on the obtained exact mass peak m/z = 907.3514, we assigned this cluster containing two gold atoms complexed with one alkynyl phenol substrate, one cetrimonium hydroxide and one water. Other Au 2 (m/z = 1759.7351, 1775.7303 and 1971.7258) and Au 4 clusters (m/z = 1349.5369) were complexed with more phenol substrates as ligands respectively. We also tested the other supernantant of the other two cases, such Au peaks were not be observed. 
II.5. Studies of power efficiency in the catalysis
Studies oflight power dependence were performed by using Xenon light with 390 ± 20 nm filter. Reactions were conducted under the same conditions as the procedure RP2 except shorter light irradiation (2 hours) with lower catalyst loading (0.12%) of 40 nm Au nanospheres. A nearly linear relationship between reaction yield and light power was establishedwhen modulating the light power ranged from 1 mW to 4 mW ( Figure S20 ).
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Figure S20: Studies of light power dependence in the cyclization of 2-(phenylethynyl)phenol.
II.6. Recycling experiments
Recycle test result of 40 nm gold nanospheres under 390 nm UV. For catalyst recycle: after reaction performed 3h, supernantant was getherd by centrifugation, and then put into a vial. The vial was refilled with CTAB aq (2.6 ng/mL) to 1 mL, and added 10 mg organic starting material. The mixture was put into light systerm and reacted for another 3h. As shown in Figure S21 . yield of reaction did not decrease after six times. Recycle times
